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ABSTRACT 
'" . 
. ' 
' . ' 
The application o-f computer technology to the medical 
' 
-field has brought 9reat improvements in the a:nalytical and 
operational capabilities o-f medical sta-f-fs . Compute,-aid.ed 
tomog~aphy (CAT) scanning systems can reveal internal 
geometries, data· base systems o-f£er patient record access 
. 
and scheduling solutions, artificial intelligence 
algorithms can reinforce diagnosis. While many areas of 
\ 
medicine derive the benefits o-f isolated computer 
applications, the -field of o·rthopedics has. benefited -from a, 
combination o-f technologies including CAT scanning and 
computer integrated manufacturing of implants. How~ver, 
the integration o-f these technologies into a complete 
dee i s·ion support system has yet to be realized. 
To assist an orthopedic surgeon in the selection o-f an 
implant attention must be given to the design o-f the 
·' implant and the analysis o-f fit within the body. Prefe·r-
ably, the surgeon would be able to select an implant design 
based on patient specific bone structures and identify an 
acceptable tolerance of fit be-fore surgery is performed. 
If no available sizes will satisfy 'the fit, the surgeon 
should be able to send critical geometries to a 
manufacturer for the making of a custom implant. 
Using the cross-sectional images generated by a CAT 
scan, representative geometry can be constructed on a 
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microcomputer system which will serve. as a template -for the 
critical locations o-f bone geometries. As an analysis 
.Ji ' 
·tool, th is template can be used to identify r<Jqu ired 
implant curvature and lerigth. These parameters can be 
. , 
matched against an existing data base o-f. standard • size 
implants to locate acceptable implants: .or .. can ·be used as 
~ . 
design speci-fications -for a custom made implant. 
The benefits o-f such a knowledge-based system include 
quantit~tive measures o-f -fit, reduced selection time, 
greater.flexibility in selection, and improved implant 
per-formanceartd patient com-fort. 
" The knowledge-based system proposed -focuses on the 
total hip replacement although its application is not 
, 
limited to a speci-fic joint . 
' 
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INTRODUCTION 
. ' . 
"' ' \ 
_,.,,-. 
1.1 The Total Hip Replacement 
•, 
' 
< 
( 
'' 
\ 
The total hip replacement is a procedure perform~d by ,• 
-ort~opedic surgerins where the ball and socket joint of the 
hip is replaced by a two piece prothesis; a femoral comp-
-
onent inserted into the medullary cavity of the femur and 
an acetabular component fixed to the acetabulum. 
• 
Pati~nts 
requiring a total hip replacement are usually the victjms 
of osteoperosis, automobile . ..:~ bone cancer or .severe 
accidents. 
The first true total hip system introduced by Wiles of 
London was developed in 1938 using stainless steel. In 
1946, an acrylic replacement was developed for the femoral 
head. Many of these .early designs were abandoned because 
of component loosening. Today, a long stemmed femo.ral 
component constructed from Vitallium with a polyethylene 
acetabular component developed by D~. John Charnley has 
become popular in the United States [1]. 
• 
' The design proposed by Dr. Charnley
 has been refined 
using a variety of. component materials, mastics, and geom-
• 
etric shapes. Femoral components can be const~ucted of 
Vitallium (a Cq-Cr~Mo alloy), steel, and other alloys. 
The articular portion of the femoral component can be 
metallic or ceramic and can be affixed to the femdral com-
. ' 
ponent using a self-loc~ing spigot. Ac~tabular components 
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Bone Structures of the Hip Joint 
t\ 
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are made of polyethylene, metal-backed polyethylene, or 
• ceramic. Both the femoral and acetabular components are 
affixed to existing bone structures using methylmethacryl~ 
ate cement, threaded surfaces made by t~pping, and metallic 
sutures. Today cemerttless techniques are beco~ing more 
. 
popular because 6f longer life expectancies and poor 
performance of bone-cement interfaces over longer periods 
of time [2] . 
.. 
One facility that has made a se.rious effort to track 
perform~nce of all varieties of joint prothesis is the 
' 
Hospital for Special Surgery in New York City. In 1977, 
the H~spita1 for Special Surgery began an in1plant retrieval 
analysis program with the_primary objective of examining 
-
. . - I 
the influence of material and design on the mechanical 
. 
performance of implants. Implants collected there are 
subject to ultrasonic cleaning, ·visual and microscopic 
examination, stress analysis, and statistical correlation 
A 
' of performance with other exogenous variables. For total 
"' hip replacement components, the mean length of time the 
components were implanted was 70 (s = 23) months ranging 
from 13 to 107 months. Tl1e mean patient we igl-1t. was 79. 7 
(s = i6.0) kg ranging from 35.4 to 112.5 kg and the mean 
age of implantation was 64 (s = 12) years ranging from 26 
to 84 years. The original diagnosis was osteoarthritis • 1n 
81% of the cases, avascular 9%, • necrosis • 1n congenital 
dislocation .of the hip in 4%, and r-heumatoid arthritis, 
-5-
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TABLE I-Total joint replacement components rerrie\·ed ar,rhe HoJpiral for Special Sur~ery 
Crlirouglt ] I Dec. /9X2). 
Total Hip (including surface replacements) 
Ft!n1oral '"' Jt-i 
Acetabular • 2UJ Total Kn·ee 
Femoral 218 
Tibial 238 Patellar 
, 
. 65 Total Shoulder 
Humeral I Glenoid I 
Total Elbow 
Humeral 
. I J 
Ulnar or radial 1 I I 
Total Wrist 
Radial I 
Mt!tacarpal 
Articulated ') 
-Total Finger 
Phalangeal 5 
Articulated 7 
Total Ankle 
Talar I 
Tibial I 
Total 1082 
see References [3] 
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, TABLE 2-Summary of 65 fractured femoral components from total hip replacements. 
Design 
Type 
Trapezoidal-28 
Mueller 
Chamley 
Bechtol' 
Aufranc-Turner 
"I .. Beam 
. 
" 
Distributor 
Zimmer USA" 
' Howmedica,, 
DePuy 
DePuy 
Howmedica " 
Johnson & JohnsonJ 
Richards' 
Howmedica 
Howmedica 
"Zimmer, Inc., Warsaw. IN. 
,,Howmedica, Inc., Rutherford. NJ . 
Material. 
ASTM Standard 
3 I 6L steel 
(f I 38) 
Co-Cr-Mo alloy 
(F75) 
Co-Cr-Mo alloy 
(F75) 
Co-Ni-rr-Mo alloy (F90) 
Co-Cr-Mo alloy 
(F75) 
3 I 6L steel 
(F 138) 
3 I 6L steel 
(Fl 38) 
Co-Cr-Mo alloy 
(F75) . 
Co-Cr-Mo alloy 
(F75) 
. ro_ePuy, qivision of l?io-Dynamics, Inc., Warsaw, IN. dJohnson and Johnson Products. Inc., Onhopaedic Div., Braintree, MA. 'Richards Medical Co., Inc .. Memphis, TN. 
see References [3] 
-7-
• 
--
- -----------
- •.. 
Number O'i 
Components 
21 
17 
I 
I 
14 
3 
5 
2 
I 
. ' ) ' 
' 
,. 
/ 
' 
. ' 
' . . 
" 
. . -1: . 
• 
'\ ' -
• 
• 
I 
\ .. 
.. 
. 
·, ; 
, 
-
• \.· 
I 
' 
" 
• • 
' • 
·" 
revision of·hemiarthroplasty, and femoral fracture in ,2% 
each [3] . 
After the com po n·e n ts are exam i n ed , the fa i 1 u re me ch-
/ 
anism is identified and a damage score is subjectively 
determ1ned. 
failures . . 1n 
Th~ mechanism responsible ·for all implant 
femoral components was foqnd to be fatigue. 
" 
Location of fatigue failures varied among different implant 
, 
designs, usually occuring in the middle third of the 
femoral component. Fractures occuring in this region are 
tl1ought to be the result of superposit·ion of residual 
stresses and stresses resulting from· bending moments 
applied to the cross-Section. Variables that affected the 
.... 
fatigue failures were found to include positioning of .the 
stem, poor bone cement technique, patient weight and 
activity, and stress concentrations caused b)' nicl<s or 
material i erfections {3]. 
As an pecialized research center, the Hospital for 
Specia.l Surgery not only an.alyzes defective implants, but 
manufactures its own custom made prothesis through the 
joint effort of engineering and surgical staffs. Equipped 
with computer-aided design tools and numerical control 
' 
cutting machines, the Hospital can produce a variety of 
implant sizes within a few hours. 
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INTRODUCTION 
j 
1.2 Motivation -for On-line Decision Sup
port 
• 
• 
Un-fortunately, not all orthopedic surg
eons have spec-
' 
• 
. 
ially computer integra~~d facilities a
t their disposal. In 
fact, most orthopedic surgeons today r
ely on X-rays and 
overlaid transparencies of irnplants to
 visualize a "good 
fit" [4]. Although CAT scans are used to r
einforce implant 
selections, they are still used in ,a q
ualit~tive sense and 
' 
the entire process of fit analysis is 
best described as "an 
. ·\ 
art." While it is a fact that orthoped
ic surgeons do not 
have an unlimited budget and shot1ld no
t be expected to be 
expert comp.uter-aided design operators
, there • 1s great 
potential for local orthopedic surgeon
s to benefit from the 
same technol6gies by utilizing geometr
ic data from CAT 
scans a~d developing a closer relation
ship to implant 
manufacturers through common manufact
uring data~ases. 
-9-
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FIT ANALYSIS 
2.1 Establishing a decision support framework 
' The first step in developing a knowledge-based system 
is to define the decisions which will benefii from on-line 
support, id~ntify the variables and constraints known at 
the point of decision, and establish a hierarchy of 
decision rules under which an objective will be maximized 
or minimized. In the case of orthopedic surgery, the 
decisions to be made include • • 1) What size implant is 
required? 2) Is the size within the range of standard 
~ , ~ 
implants available or will a custom made implant be 
required? 3) If a standard size implant is to be used, 
what is the error of -fit, and is it acceptable? 
After listing critical decisions, identificatidn of 
. 
variables and constraints help to limit the list of finite 
options and set the boundaries on the solution set~ 
Variables to the implant selection process are ~etermined 
by implant design parameters while patient specific bone 
structures define the system constraints. From the bone 
structures, the critical geometry includes the position of 
the ball at the end of the femur, the bend angle between 
the long bone of the femur and the extension of the femur, 
and the diameter of the -femur's cross-section. Implant 
design parameters include the bend angle or radius of 
curvature, the neck length ( axial distance from the • main 
-10-
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body of the implant inserted in·the femur to the articular 
component or sphere), and cross-sectional diameter.· 
The decision hierarchy determines the solution set 
l.... 
given th~ variables and constraints. The first decisioh to 
... 
be made if the implant required can pe sat i.sf ied by • is • size 
r 
an existing standard ·• size or whether a custom fit implant 
is required. If, a d d · stan -ar size is available, does it 'lie 
within a pr~-determined tolerance? How does the error 
compare to other implant designs which lie within the same 
,,.--
tolerance ? While tl1e final selection of one implant wi 11 
not always be guaranteed under this hierarchy, a definite 
reduction in the scope of potential candidates and a 
savings in selection time will be realized. Also, it • LS 
recognized that the final selection should include the 
expertise of an orthopedic surgeon based on his experience 
r· 
with different implant designs and a qualitative error 
,t, 
• 
comparis?n 
r-~ 
b'ased on a graphical display of fi-t . 
' 
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FIT ANALYSIS 
• 
2. 2 Developing a template froµi critical ge.ometry 
,. 
• 
To sample the fit of different size implants, a 
\ 
template must be constructed which repres~nts the true 
dimensions of a patient's bone structure. Typic~lly X-raysi 
have be~ used as a template for fitting implants. 
' 
However, because the extension of the femur to the hip 
joint is angled 30 to 40 degrees toward the front of the 
j ~ 
body, the actual distance from the axis of the femur to the 
hip joint appears shorter than it really (see Fig. 2). • is 
While some metl1ods used by orthopedic surgeons use adjust-
• ment factors with various X-ray positions, the .process 
still produces inaccuracies and requires mor~-time for 
analysis. Because the geometeries of the body positioned 
\ 
---in 3-D space are available from CAT scans, a more reliable 
·method can be introduced; 
The process of developing a working template from CAT 
scan coordinates involv~s the transformation of a 3...;.D model 
into a true pdsition 2-D model. As seen in Figure 3, the 
possible positioning of an implant is defined by three 
degrees of freedom; translation up and down the axis o-f th~ 
femur, rotation about the ~xis of the femur, and angular 
-,~. 
deviation from the axis of the femur. For long stemmed 
implant designs, angular deviation is ne.gl igible because of 
, ... ···-·~-· 
the • axis of the femur 
' . 
• lS approximately linear and the 
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implant is confined to the limited cross-sectional area o-f 
the -femur. Likewise, angular deviation is negligible 
because o-f the one to one position of the ball and socket 
joint at the acetabulum. Translation about ihe axis o-f the 
-femur remains variable b,ut only within a 1 imited range. 
The position o-f the implant, there-fore, can be seen as a 
location·on a 2-D plane i~ 3-D space. 
This location plane can be de-fined by three points 
the center point of the ball and socket joint and two 
• 
• 
distinct points along the axis o-f the femur. Lool<i ng at a 
viewpoint on a normal to this plane, the critical distance 
of the ball and socket joint to the axis o-f the femur is at 
its true distance ahd the angle formed by the axis o-f the 
femur and the axis o-f the -femur extension • 1s at a true 
angle. The intersection point of these axes will also be 
needed to complete the required geometry. 
The problem of -finding critical geometry then has been 
reduced to finding the X, Y and Z coordinates o-f four 
points. The absolute values of all the coordinates are not 
important, but the relative distances are. Establishing 
the axis orientation as shown in Figure 4, the Z 
., 
coordinates o-f all four points will be determined by the 
level at which the scan was taken. As seen in Figure 5, 
the cross-section viewed by the scan is at a level 
re-fe renced by a posit i 011 on the body, in tl1 is case the 
chest. Looking at the -front . V l e\-v, a 1101"' i zontal line can be 
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drawn on the scan through the center point of the sphere 
\ 
that represents th~ ball and socket joint. The Z 
coordinate for the sphere center is the distance from the 
r reference origin to the horizontal line. The Z coordi-
nate for the axis i.ntersection point can be obtained by 
drawing two construction lines repre·senting the axes and 
placing a horizontal through tl1eir intersection point. The 
Z coordinates fo.r the two cros.s-section ,points are simply 
the 1 eve 1 s at which they are tal<:en. These levels should be 
approximately 5 centimeters and 7 centimeters below tl1e 
sphere center. This will allow a clear view of the 
medullar cavity. 
While the front view ~f the body has helped determine 
the Z coordinates of the four points, the top or scan plane 
• 
view will help determine the X and Y coordinates. Using a 
scan plane that sh6ws the sphere's cross-section and an 
overlaid grid, we can directly read the. X and Y grid coord-
inates . Since the grid remains ·in a fixed position from 
one scan plane to the next, the same method can be used to 
' 
obtain the X and Y coordinates of the two cross-section 
points. As an aid in obtaining the exact X,Y center of 
both the sphere and the cross-sections, a circle (ellipse) 
can be drawn on the scan to outline existing features. The 
coordinates of the center poi 11t are then read directly. 
The last coordinates needed are the X and Y coordinates of 
Jhe • axis intersection point . 
-18-
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To define the axis of the femur extension, two points 
on the needed . One point on the is the • axis • axis are 
. 
sphere center point whose coordinates have already ~een 
obtained. The coordinates of the ~econd point are not 
directly obtainable from the front or • scan views. However, 
knowing the Z coordinate of the point where this axis 
intersects the axis of the femur, we can obtain the X and Y 
coordinates using parametric,equations. From vector 
Equating coefficients and solving for x,y and z yields 
X = X + ,a t' 1 1 ' y = yl+ a2t; z = z 1+ a 3 t 
If we let Pl 
and P2 
(x 1 ,y1 ,z1 ) of the upper cross-section point 
(x,y,z) of the lower cross-section point 
then, t 
Z coordinate of • axis intersection 
or 
Substituting t into the parametric equations for x and y, 
the x and y coordinates for the axii intersection point 
(aip) can be found. 
With the X,Y and Z coordinates of all four points 
known, the true critical distances and bend angle can be 
cal cu 1 ated. Using the distance formula in three dimen-
-19-
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[(Xsphr-Xaip) + (Ysphr-Yaip) + (Zsphr-Zaip) J 
• equals the distance from the sphere center to the axis 
intersection point. The angle between the femur axis and 
~ -f 
the axis of the femur extension can be determined by vector 
analysis : 
Let a and b be nonzero vectors. If bis not a scalar 
multiple of a, and if DA~ and OB~ are the position vec-
tors corresponding to a and b respectively, then the 
angle between a and bis given as 
arc ( a•b ) cos I al I b I 
If we define~ as the vector from the • axis 
[5] 
I' 
i 11tersect ion 
point to the sphere center and bas the vector from the 
axis intersection point to the lower cross-section point, 
the application of the analysis above will yield the 
required bend angle. 
Construction of the template is now complete; the true 
' 
bend angle of the femur extension from the femur axis and 
the three dimensional distances can be represented in a two 
dimensional plane. 
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FIT ANALYSIS 
2.3 Representation o-f implant designs 
Now that a working template has been constructed, 
., 
implant designs mu.st be represented in terms of two 
(dimensional coordinates. To represent ~n implant design, 
the parameter~ ~hich define the design need to be 
identified. Th~se ·paiameters include neck length, bend 
angle, sphere diameter, and cross-sectional shape and 
diameter. 
The neck length of an implapt is the axial length frbm 
,; 
the center point of the articular sphere to the lip which 
will rest against the cutting plane of the bone. This part 
length to • • of the implant axis remains linear but varies 1n 
reach the acetabulum. Neck length then can be represented 
by two points. The bend angle is the angle between the 
neck len·gth axis and the axis of the implant stem. Tl1 is 
' 
stem axis can be linear or continuously curved depending on 
the implant design. If the st~m is curved, the stem axis 
can be defined as the center axis of the stem at a point 
within two centimeters of the lower tip. Tl1e bend angle 
can be obtained by tracing the two axes on a piece of graph· 
paper and measuring the interior angle. Referencing the 
axis intersection point as the grid origin, the distance 
from the 01~igin to the implant spl1ere center should also be 
recorded. 
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The sphere diameter i.s generally proportional to the 
overall size o-f the -femur and can be design~d in proportion 
to dimensions of the -femur taken -f.rom CAT scans. ·, The 
cross-section o-f the implant stem can Vary in shape as well 
' 
as size. Typical shapes used include trapezoidal, 
tiiangular, cylindri2al, and I-beam. All o-f these have 
J 
some taper in diameter -from the stem lip to the implant 
tip. Although the selection o-f an optimal cnoss-section 
shape • remains a design problem, geometry taken -from CAT 
scans can de-fine the limiting surfaces -for the cross-
the -femur's axis. t ESectional diameter al~~ 
For the purposes o-f -fit analysis, we will categorize 
these parameters into two classes. Class one are para-
meters -fixed by a specific design such as the bend angle 
cross-sectional shape and neck length. Class two are 
-flexible parameters that can be varied within a given 
design such as sphere diameter~ and cross-sectional 
diameter. Class one parameters will be used as critical 
-fit -factors while class two parameters will be given as 
manu-fa~ttiring specifications. 
/ 
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FIT ANALYSIS 
' 
2.4 Quantative measuring of an implant fit 
With the bone geom~try represented on a template and 
implant designs represented by their parameters, a method 
of measuring the fit is needed. At first, two alternatives 
are apparent. One method ~ould be to evaluate the £it on a 
' ! ., point to point basis. TI1is could be achieved by fixing the 
base of the implant to the femur axis and measuring the 
minimum distan~e from the implant sphere center to the 
target sphere center on the template. However, this method 
might include implant designs whose bend angle is much 
greater or less tha11 the required hen.cl angle. A greater 
~{ ~ 
bend angle might result in failure due to an increased 
bending moment on the cross-section. A smaller bend angle 
might require that the implant be p6sitioned riutside the 
medullary cavity. prematurely. A second method is to first 
evaluate the implant on its ability to match the ~equired 
bend angle and then attempt to minimize th~ distanc~ from 
the sphere centers. This method is preferred because it 
screens out implants that may fatigue p1~ematurely while 
still minimizing the error in the distance from the target 
position~ 
~-., 
The ability to match the required bend angle will be 
determ.ined by establishing a tolerance level given by the 
orthopedic surgeon. For example, if the tolerance level 
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< • were given as 2.0 degrees· and the required b~nd angle was• 
130.5, a potential implant would require a bend angle 
within the range o-f 128.5 to 132.5 degrees. 
,. 
The er~or of -fit will be determined· by the distance 
from the target point' (the femur's art i cu 1 a-r sphere center) 
to the final pos.ition of the implant's articular sphere 
center. The coordinates o-f tl1e target point are al ready 
available on the template geometry. The coordinates o-f the 
implant center point must be detetmined by overlaying the 
implant geometry on the template, using the axis inter-
?, 
section point as a reference origin. The X coordinate • lS 
-fixed by the implarit design and equals the I1orizontal 
distance -from the implant stem axis to the articular sphere 
center. The Y coordinate is -fixed by the mapping o-f the 
axis intersection point o-f the implant to the • axis 
intersection p6int of the representative bone geometry. 
!, 
Relative to the reference origin, the position of the 
/ 
implant sphere center can be -found -from the coordinates • 1n 
the implant data base. When both the X and Y coordinates 
have been -found, the distance -formula can be used to find 
the distance that the implant sphere center will lie -from 
the target point. 
Since the positi6n o-f the implant sphere center (i.e. 
above, below, etc.) is as important as the magnitude o-f the 
distance, a graphic display of tl1e fit will be available. 
This will be done by reconstructing the implant geometry 
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over the template geometry . W
hen the X,Y coordinates of 
' . 
the implant sphere center have been found, the other 
implant coordinates can be drawn relative to the sphere 
center. 
r A quantitative method for identifying a good fit has 
now been established by measuring the distance from the 
target position ( sphere center of the femur) to the 
implant sphere center as it would be positioned in the 
medu l l·ar cavity. Implants can be listed in de
creasing 
order of this measured distance. A co
mplete outline of the 
pseudo code· required to ·obtain the critical measurements is 
given in Appendix A. \ 
' 
• 
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SYSTEM ANALYSIS AND DEVELOPMENT 
3.1 System Requirements 
\ 
I -
• 
. ., 
' 
' 
, 
With an understanding of implant fit analysis under a 
decision support framework, attention can be focused on the 
analysis and development of an on~line system. The first 
step in this procedure is to define the system requirements 
from the viewpoint of the end user, the orthopedic surgeon. 
From personal interviews the following list comprises most 
concerns in a preferred order 
1) Easy to use 
• 
• 
2) Accuracy of geometric representation 
3) Integration capabilities with other patient data 
4) Operational feasibility 
5) Ability to operate on a microcomputer syst~m 
6) Generic storage of implant designs 
7) Transportability of data 
Heading the list, most surgeons emphasized the need 
for user-friendliness. From a systems viewpoint, this 
includes menu-driven input, graphic and numeric output of 
results including color coded geometry, and transparent 
calculations of intermediate results. Most surgeons feel 
that the marginal cost of learning a new system is not 
., 
worth the potential benefits. Ideally, a surgeon should be 
able to insert a disk with the patient data, run the 
program by typing a single command and view the results on 
the screen at his office with the optio~ of obtaining a 
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hard copy. Another concern was to be assured that the 
accuracy of the system in modelling the physical fit within 
~he body matched or exceeded the accuracy of current X~ray 
techniques. While no trial analysis has been done, it can 
' be said that the input for the propos~d system comes from 
phree .dimensional coordinates whi~e the X-ray scans can 
offer at best planar views. Also, the on-line fit analysis 
offers the standardized evaluation of all implants indepen-
dent of manufacturer. Thi.s eliminates the need to use 
' ' 
sc·ale factors when using X-rays and overlaid implant 
transparencies. 
Another concern was the ability to integrate fit 
analysis results with other patient data and implant data. 
Other patient <lat.a would inc1ude medical history, billing 
data, previous appointments, etc. Other implaht data would 
include inventory status, availability, order information, 
etc. Ideally, .a surgeon could access patient and implant 
data within the same system to facilitate easy ordering and 
record updating. This can be accomplished by maintaining a 
key field within the patient and implant data bases which 
uniquely identifies a patient or implant. Using this key, 
a surgeon can.access information -from any data base o-f 
information. 
Operational co.ncerns inc 1 ude the amount of effort 
needed to obtain geometric input and the amount of effort 
needed to obtain results~ Both must be limited in time and 
-28-
t 
·-··--· -·------ --------- -------
' 
' ', 
,; 
.. 
,, 
L 
r I 
I , • 
'•Go,... • • 
the need -for technological kaowledge. By speci-fying 
menu 
• 
driven input and limiting menu viewing options to nume
ric 
choices~ these objectives can be met. Also related to 
operational concerns, surgeons pre-ferred a personal 
computing ·syste~ compared to sophisticated graphics 
terminals because they are easier to use, are less ex
pen-
sive and already exist in many doctors' of-fices. Al th$ough 
" 
the system requires graphic output displays, the ana
lysis 
is two dimensional and uses less than ten points at a
ny 
given time. Simple BASIC graphics can manage· this da
ta 
without the need -for large memory requirements. 
Another requirement was the generic representation o
f 
implant designs -from different manufacturers. Becau:tte 
the 
system represents implant designs by a data base of p
oints, 
'no special standardiz;ation is necessary. Also, because
 
both patient and implant geometry are stored in terms
 of 
X,Y and Z coordinates, data -files are transportable o
n 
-floppy disks b~tween CAT scan facilities and of-fices 
and 
between of-fices and manufacturers. Transportability 
between CAT scan facilities and surgeons' bf-fices all
ows 
' 
results to be analyzed at a central site where a wide
 
variety of implant designs can be tested in a short a
mount 
of time and immediat.e ordering can take place. Transpo
rt-
ability between surgeons' offices and manufacturers a
llows 
I 
surgeons to make design specifications for custom made 
implants without needing to understand the manti-factu
ring 
-29-
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processes b~cause the required dimensions are stored in the 
patient data base. 
' 
Among the system requirements specified, the system 
objective can be stimmariz~d as follows : to. design a system 
that can quantitatively measure and graphically-display the 
error of fit of an implant using simple fuenu-driven 
commands on a microcomputer system . 
.... 
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SYSTEM ANALYSIS AND DEVELOPMENT 
3.2 Feasibility Study 
I 
I 
~ ., . 
'- . 
Before the system is designed, a feasibility study shou 1 d be· inc 1 uded to emphasize the potent ia1 bene£ its and 
Ji'. 
potential costs of a £it analysis system. 
costs can be categorized into three ar~as; 
technical, and ·operational. 
Tne benefits and 
• economic, 
. 
Economic benefits include reduced inventory costs and improved productivity. Because an orthopedic surgeon is not sure which implant will fit until the time of surgery, he must order and carry several varieties for a given operation. This means that local hospital distributors must hold large inventories to meet unanticipated needs. With a fit analysis system, these needs can be partially anticipated and inventories reduced. Another economic benefit brought by the system is a reduction in the amount of time needed to select an implant. An orthopedic surgeon can spend more time in the operating room and less time the office meas,uring X-rays and overlaying templates . 
• 10 
Economic costs of the system include the software and the time to enter implant geometry cbordinates, assuming a personal computer ~ith simple graphics capabilities has • already been purchased. Cost estimat~s include the compu-ter ($1200-$'2000), the software ($100-$200), and an opt ion-al enhanced graphics card 
0 
,. 
• 
• ••• 
($200-$500). 
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The next cc!te.gory, technical considerations, includ·es 
hardware and software requirements and interfacing capabil-
" 1ties. Since basic geometeries of the impla'nt and patient 
structures are reduced to coordinate data, a personal 
computing'system with a color monitor, enhanced gr~phics 
card, floppy drive and hard drive is all the hardware 
required. Software requirements include a standard 
operating syste'm such as DOS [MicroSoft] and TURBO BASIC 
[Borland] software. 
t 
Interfacing data between CAT scan 
output and program input is done interactively directed by 
menu-driven prompts. 
Important operational considerations include overall 
procedures required and ease of use. This may well be the 
critical success factoi of a fit analysis system. By 
supplying CAT scan technicians with a procedural guideline 
V 
for taking coordinate data, input time can be reduced to 
le.ss than five minutes; Data from the CAT scans .are easily 
appended into the data b~se at the surgeon's offi.ce using 
simple menu driven commands. Since the implant geometry 
has been previously stored, a surgeon can generate a 1 i st 
of possible implants by entering 1) the patient IO 2) 
an acceptable .angular tolerance and 3) a keystroke to 
begin the search. Because the fit of a particul·ar implant 
may be of interest, another menu option should be available 
" 
to examine the fit of a single implant rather than always 
evaluating all possible candidates. In this case, the 
-32-
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required input would be 1) the patient ID 2) the implant 
ID and 3) a key~troke to begin the display. 
d 
In addition to economic, technical and operational 
I 
.considerations, qualitative benefits shotild be identified. 
Among these are satisfactory .implant performance, patient 
" 
comfort and comprehensive implant consideration. Because 
the implant fit is examined in terms of both angular 
tolerance and position, the chances of fatigue due to 
., 
increased bending moments is minimized. Also, patients 
will not experience pain caused by implants positioned too 
high that pressure the acetabulum, or implants positioned 
too low that cause impact loading and walking limps. 
Fin.ally, because the analysis time is shortened and all 
implant geometry from all manufacturers in a standardized 
form is available, more implant designs can be evaluated 
for a given patient. 
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SYSTEM.ANALYSIS AND DEVELOPMENT 
' 
3.3 Logical System Design 
... 
With the.system requirements defined and a feasibility 
study completed, a logical system design can be outlined. 
Information sources include CAT scan output data and 
i m·p 1 a;nt - ·ge orriet ry data . CAT scan output comes in the form 
of sc:reen displayed coordinate:s available to the CAT scan 
technician. Fo.llowing a procedural guideline and menu 
driven prompts for selecting the proper geometry, the 
technician can input the critical ~oordinates into a 
personal computer and store the information on a floppy 
disk. At a later time, the data on the floppy.disk can be 
loaded into a data base on a su~geon's personal computer. 
A data base designed to retain patient geometry coordinates 
• .. 
is pictured in Fig. 8. The data base can be linked to 
·, 
information in other dat~ bases through the PATIENT ID key 
field. This makes it possible to maintain patient geometry 
information without having to reproduce medical history 
data, billing data, etc~ 
-
'll. Implant geometry data can be obtained from manufact-
uring specifications or from digitizing the physical 
implant. Digitizing can be done by laying the implant on 
graph paper and measuring c:ritical distances from a fixed 
• • or1g1n. In either case, critical coordinates are entered 
through menu.:_driv-en screens and are stored directly into a 
• d 
-34-
/ 
---· --------·-------- ...... . 
• 
' 
' 
.{'_•. 
\ 
• 
' 
,. 
' . 
·1. J 
data. base at the surgeon's office. A.data base designed to 
_, 
• 
retain implant georp.etry data ~hown in Fig 8. The key 
field IMPLANT ID allows a link to other implant information 
such as cost, inventory status, order time, etc. Hopefully 
this will facilitate quick order pr6cessing once an implant 
has been se 1 e·cted. 
With implant geometry data and patient geometry data 
conveniently stored in local data bases, the implant fit 
analysis program can evaluate_ different implants and report 
\ 
\ ~ 
the results on a graphic scre(~n display. Input also 
~ 
includes an error tolerance l~vel acceptable to the 
.. 
surgeon. Output from the program includes a quantitativ~/ 
measure of the error distance and a display of the fit. 
I .. 
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Design 
Manufacturing 
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or 
digitized 
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LOGICAL SYSTEM DESIGN 
IMPLANT ----- ----- PATIENT 
data base 
auxiliary 
data base 
Fit analysis 
progran1 
Graphic screen 
Display 
data base 
. 
auxiliary 
data base 
(normalized X,Y coordinates) 
Fig. 7 Logical System Design 
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DATA. BASE DRQANIZATION 
I. PATIENT DB (Patient Information) 
Rec No. Patient ID Patient Name Age Weight Sphr x Sphr y Sphr z 
1 000-00-001 J. D. Smith 55 150 9.28 -2.23 -305.4 
2 ·oo0-00-002 B. A. Hann 61 126 9.02 -2.45 -275.3 
Upr x Upr y Upr z Lwr ,x Lwr y Lwr z Aip x Aip y Aip z 
10.53 -4.40· -335.5 10.10 -4.12 -350.5- 10.10 -3.22 -310;3 
10.22 -4.15 -330.2 9.89 -3.85 -345.6 10.53 -3.02 -295.4 
* Calculated 
II. IMPLANT DB (Implant Information) 
f 
Rec No. Implant ID Implant Naine Distributor Bend Angle Neck Length 
1 
2 
231 
101 
Mueller-28 
Zimmer-12 
St. Lukes 
Mulenberg 
132.5 
125.0 
25.0 
17.0 
Fig. 8 Physical Data Base Design 
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MAIN MENU 
. ' . 
1) PREFERED IMPLANT SELECTION 
2) INDIVIDUAL IMPLANT FIT 
3) ENTER NEW PATIENT GEOMETRY 
4) ENTER NEW IMPLANT GEOMETRY 
5) DELETE PATIENT GEOMETRY 
. 6) DELETE IMPLANT GEOMETRY 
X) QUIT 
ENTER CHOICE (1-6,X) --. --· -· _.,_ -------r 
l ' 
Fig. 9 Sample Main Menu Screen 
I 
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I 
.J 
PATIENT 
AGE 
WEIGHT 
~" 
. 
.. ,-
• SMITH, J . w. • 
• 61 • 
• 160 • 
IMPLANT: MUELLER 28 
ERROR:.._ 1.25 cm 
• 
' 
" 
) 
Fig. 10 Sample Graphic Screen Display 
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MANUFACTURING CONSIDERATIONS 
4.1 Design Considerations 
, 
•·· ./ ... 
w 
.i 
As computer-aided design and manufacturing systems 
have come into being, a new approach to manufacturing 
analysis has integrated design review in the p~oduction 
planriing phase [6]. Therefore, a discussion of 
manufacturing will begin by reviewing the design of 
commonly used implants with regard to, function as we.11 as 
manufacturi.ng processes. Thes~ prbc~sses include die 
casting, machi-ning and finishing operations. 
Implant designs can be described by the.ir bend angle, 
neck length, sphere diameter, and cross-sectional shape. 
The bend angle ideally reflects the same angle of the femur 
within the body and its dimension is fixed by the casting 
process. Usually a finite set bf bend angles are produced 
by ~ach manufacturer which will satisfy a majority of 
patient hip replacements. Since the implant is cast in one 
piece, neck length is also a -fixed dimension. Again, a 
f i.n i te set of neck 1 engths are produced to satisfy the 
popular sizes. Dimensions for sphere diamete1'4"s are 
similarly defined although newer designs have replaceable 
sphere components attached with self-locking spigots. This 
design allows for easy replacement of~worn spheres without 
removing the entire implant. Typically sphere diameters 
are proportional to the ove~all siz~ of the femur so that 
-40-
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enough .surface area is available to distribute pro"portiona1 
body weights. 
While implant cross-sections vary in shape, most have 
• 
some d~gree of taper going from a larger diameter at .near 
the top of the implant to a smaller diameter at the bottom 
. 
of the implant. This allows the implant to fit inside the 
medullar cavity which is convexly shaped. Although the 
maxim um d i amet er of a cross - section i s f i xe d by t 11 e cast i ng 
process, the degree of taper can be varied during the 
machining process. With th~ advent of cemeQtless implants,· 
cross-sectional dimensions have become more critical • 1n 
order to allow sufficient bone growth into the stem of the 
implant. 
' 
., 
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MANUFACTURING CONSIDERATIONS 
4.2 Establishing a Manufacturing Data Base 
With the design review completed, the manufacturing 
process can now be considered. In general, implants are 
produced by casting and finishing operations. The die 
dimensions, including bend angle, neck length. and sphere 
' 
diameter are determined by grouping statistical populations 
into a finite set of sizes. If, however, a patient should 
require an imp.lant size which lies outside the range of the 
standard sizes produced, a custom prothesis must be made. 
Although orthopedic surgeons rarely become involved • 1n 
implant design, they can supply ~anufacturers with the 
criticai dimensions needed from the existing patient 
geometry data base. 
The parameters needed to ~anufacture an implant are 
the bend angle, the neck length, and the sphere diameter .. 
•, 
The bend angle can be calculated directly from the coordi-
nates in the patient geometry data base as seen in the fit 
aBalysis program. Similiarly, the required neck length can 
be measured from the axis intersection point coordinates to 
the sphere center coordinates. Dimensions for the sphere 
diameter do not appear in the patient geometry. However, 
the diameter can be estimated in proportion to the neck 
length assuming a larger femur means a heavier body weight 
to be distributed. 
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In summary, the dimensions needed to con
struct a 
' 
custom manufactured implant are the bend 
angle, the neck 
' 
length and the sphere diameter. As part 
of a complete 
system, a program could be written to sup
plement the fit 
analysis module to be used when no standa
rd size implants 
in the current implant data base will s~t
i~fy required 
geometry. This program, wo.uld simply calc
ulate the bend 
\. 
angle, calculate the distance for the req
uired neck length, 
·, 
and estimate the sphere diameter based on
 the required neck 
length. If thes.e parameters were written
 to a data file, 
they could be sent to a manufacturer as d
esign spe'cifica-
,,.. . 
t ions· . In principle, this will speed the 
process of 
implant production without any additional
 effort on the 
part of the orthopedic surgeon. 
-
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MANUFACTURING CONSIDERATIONS 
4.3 New Directions 
Despit~ a wide variety of implants on the market, 
there is evidence that improvements in design and manufact-
uring techniques are still possible. Two possible areas··_ 
for immediate improvement exist in the design of custom fit 
-· 
cross-sections and in the reduction of parameters fixed by 
the casting process. 
The motivation for ~ustom fit cross-sections is driven 
by two concerns. First, because currently used bone 
tr 
cements such as methyl methacrylate cannot maintain a 
bond~ng layer over a period of yeatrs, cementless fixation 
methods have become popular [1,7]. Cementless fixation 
relies on.bony ingrowth to create an implant-bone bond. 
Typically·the outer surface of an implant is textured so 
that cell growth can take place around the implant base. 
The ingrowth proc~ss, however, can take ~any mopths before 
a reliable bond layer takes root. If the diameter of the 
implant base were dimensioned to fit just inside the 
medullary cavity of the femur, the time for bony ingrbwth 
could be shortened. Also, the initial displacement and un-
co~fortable movements of implants during the ingrowth 
period could be minimized. 
A second motivation for custom fit cross-sections 
comes from the fact that some properly f i·t implants are 
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still subject to early fatigue fai~ure. ·One possible 
explanation is that the taper in cross-sectional diameter 
c:"n cause ralanced distribution o-f -forces along the 
stem o-f the implant inside the medul lar cavity. Ideally, 
the 1.oad applied at the sphere center o-f the implant is 
distribut.ed along the entire length o-f the implant stem. 
I-f the implant taper prevents the.stem -from contacting the 
inner walls o-f the medulla'r cavity, the forces will only be 
applied to that section o-f the stem which makes contact. 
The applied load, there-fore, acts on a shorter lever arm at 
\a greater angle producing a greater bending moment. The 
residual stresses introduced by this bending moment are 
-concentrated on the shorter lever arm and tend to cause 
prernature fai 1 ure a-fter months of eye 1 ic 1 oad i ng. 
With the advent o-f cementless implants and the need 
-for improved performance, a logical system design is needed 
which incorporates specifications for custom fit cross-
sections. Because the diameter of an implant cross-section 
can be reduced during the finishing process, it is not 
fixed by the casting process. Only the maximum diameter . lS 
-fixed by casting. Therefore, by adding a limiting cross-
sectional dimension to the manufacturing data base,· patient 
specific cross-sections can be -fashioned for standard 
implant designs chosen for their fit. These limiting 
dimensions can be obtained from CAT scan views when the 
cross-sectional center points are taken. The only alter---
-45-
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ation to the existing proceg.ure would be to enter the 
diametei o-f the construction circle overlaying the inner 
diameter o-f the medullary ··cayity located approximately 7 
. 
centimeters -from the top o-f the femur ( where ihe base o-f 
the implant will be located after surgery). An approxi-
mation on this distance is satisfactory since the • inner 
walls of the cavity tend to become equally spaced in the 
midal part o-f the femur. 
Having the ~equired c~oss-sectional diameter, the 
manufacturing data base can be adjusted to retain this 
limiting dimension. With this dimension available, the 
taper o-f the cross-section can be described as a ruled 
surface between the· outline o-f the maximum cross-sectional 
area and the outline o-f the cross-sectional area encom-
passed by the limiting diameter in the data base. As long 
as the taper in the die is designe~ to be very small, the 
• 
extra material that must be removed to allow the implant to 
-fit inside the patient specific medullary cavity can be 
de-fined by the ruled Sur-face dimensions. The limting taper 
can be de-fined by the major diameter set by the die, the 
minor diameter -from the CAT scan view, and the length o-f 
the shaft set by the die [8]. I-f the cast parts are held 
in st.ock a-fter casting and rough -fin,ishing, they can be 
'-<,. 
tagged for specific patients and -finished to the 
appropriate dimensions. 
I-fa nu~erical control process is used to machine the 
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MANUFACTURING OF CUSTOM FIT CROSS-SECTIONS. 
USING NUMERICA·L CONTROL 
IMPLANT ID 
from fit analysis 
JJ 
\ 
IMPLANT GEOMETRY 
data base· 
=> N C • spline creation , 
• ruled surface generation 
PATIENT GEOMETRY 
limiting inner diameters 
of medullary cavity 
M A C R O • N C model 
Fig. 11 Custom Fit Cross-Sections 
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cast implant. a macro module could be written to model the 
- ' 
cross-section of the shaft. Combining the pa~t geometry 
·stored in a graphics data base and the limiting diameter • 1n 
the manufacturing data base, a ruled surface can be gener-
ated to outline the part surface for the machine tool. The 
logic of this module can be described by Figure 11. 
system like UNIGRAPHICS II [McDonnell-Douglas], an NC 
On a 
module would scale a two dimensional cross-section outline 
( a trapezoid, triangle, etc~ ) to fit within the limiting 
diameter specification, define the outline as asp-line, and 
join it to the cross-sectional outline at the top of the 
implant to create a ruled surface. The ruled surface would 
become the part surface when cutting tool paths 
defined. 
are 
u 
Besides the introduction o-f custom fit cross-sections, 
the reduction of implant parameters -fixed by the casting 
process would aid the development o-f new implants. Cur-
rently, implants are cast in one piece so that -forces are 
di~t~ibuted uniformly throughout the implant. This means 
that -for every standard size bend angle, ·a set of all 
possible neck lengths and sphere diameters must also be 
,. 
cast. With the aqvent o-f replaceable sphere components, 
variable thicknesses could be introduced to give -flexibi-
lity to the total neck length. This would limit the number 
o-f neck length sizes needed to be produced ~nd give 
surgeons a margin o-f error during surgery to make 
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lS in place . If acetab~ adjustments in size· once the stem 
ular components were also made with var0ying thicknesses 
the proper ratio [9], a proper neck length could be 
constructed for every patient . 
f 
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5.0 CONCLUSIONS 
As an aid to the orthopedic surgeon, a knowledge-based 
system can improve the implant selection process by inte-
grating available technologies on a localized level. 
analyzing bone structures. in terms o-f their -critical 
By 
coordinates, data points can be tran~-ferred -from CAT scan 
-facilities to local personal computers. At this level, -fit 
analysis can be per-formed without the need -for expensive 
graphic workstations or the great amounts o-f time and 
e-f-fort required by manual methods. With the quantitative 
measures and simple graphic displays generated by the 
system, many implants can be evaluated and ranked in terms 
o-f preferred selection. 
Because the critical bone structures are represented 
' in terms o-f coordinates, in-formation is also available to 
custom manufacture implant geometry. Stored in a data 
base, these specifications can serve as dimensions -for the 
{ 
making o-f ne~ dies or can serve as a guideline -for altering 
the cross-section of standard designs to a patient specific 
fit. ' 
.. , 
Without requiring a great understanding of computers or 
manufacturing processes, a knowledge~based system truly 
! 
aides the orthopedic surgeon by eliminating manual methods 
and by customizing implant manufacturing to patient 
speci-f ic fit.s. 
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The extension of this system to tither joints oft 
body would only requir~ the definition ·of critical 
locations and available implant geometries. 
' 
,. 
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• 
• 
, 
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GLOSSARY 
ACETABULUM - (acetabular) main bone stru·cture o-f the h·ip 
which provid~~ a.socket -for the ball o-f the 
-femur or leg bone. 
COMPUTER-AIDED TOPOGRAPHY - (CAT) scanning technique which 
maps the locations o-f internal geometries by 
detecting the reflection o-f radiated rays from 
isotopes within the body. 
CAT SCAN - viewing plan·e generated by computer aided topo-
graphy. 
CONGENITAL DISLOCATION - misalignment in bone structures 
present at birth. 
FATIGUE -
FEMUR -
mechanical failure mechanism caused by long 
• 0 
periods of cyclic stres~ loading. 
(-femoral) leg bone which connects the hip to 
the knee joint. 
• 
HEMIARTHROPLASTY - surgical procedure to reconstruct 
-fractured joint structures. 
KNOWLEDGE-BASED SYSTEM - ~ system designed to support a 
decisiori pr9cess by storing crit~cal informa-
tion which represents quantitative data about 
a process or state. 
MEDULLARY CAVITY - h6llo~ regibn inside the femur. 
OSTEOARTHRITIS - a slowly progressive degenerativ~ joint 
.disease c~using pain and stiffness. 
O~TEOPOROSIS - a bone disease characterized by loss of 
t density and increased porosity. 
j 
\.._:---•-<':'· 
PROTHESIS - artificial substitute for a body part. 
RHEUMATOID ARTHRITIS~ chronic disease 
joints of th~ body. 
• • causing pain 
. ~. 
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I APPENDIX A 
Pseudo code to obtain template coordinates from critical 
geometry of CAT scan (transferred coordinates) 
FROM FRONT.VIEW -
Find z level of sphere center on the femur 
INPUT z level of sphere center 
• 
• 
\ 
Find z 1£vel of point where the axis of the femur and the 
-
axis of the extension intersect by drawing the lines . axis 
INPUT z 1 eve l_ of intersection point 
. 
axis 
FROM TOP (or SCAN) VIEWS -
Find scan plane which intersects sphere of femur 
Draw grid on scan plane 
Find coordinates of sphere center 
INPUT X,Y grid coordinates of sphere center 
Change scan view to 5 centimeters below current plane 
Find coordinates of femur center using ellipse 
' / 
; 
INPUT X,Y grid coordinates of upper cross-section point and 
Z ~oordinate of current scan plane 
Change scan view to 7 centimeters below current plane 
Find coordinates of femur center using ellipse 
INPUT;X,Y grid coordinates of lower cross-section point and 
Z coordinate of current scan plane 
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Pseudo code to obtain template coordinates from critical 
... 
geometry of CAT scan (calculated coordinates) • • 
(!J 
Calculate X,Y coordinates of • axis intersection point AIP -
t = (ZAIP-Zupr)/(Zlwr-Zupr) 
XAIP 
YAIP 
Xupr+(Xlwr-Xupr)t 
Yupr+(Ylwr-Yupr)t 
Translate all coordinates to reference 
point as the origin -
for all points : X - X 
(sphctr,lwr,aip) Y y 
z - z 
XAIP 
YAIP 
ZAIP 
't" , . I, 
. 
axis intersection 
Calculate 3-D distance from AIP to sphere center -
,, 
2 ,- 2 2 .5 
NLNTH = [(Xsphctr-XAIP) +(Ysphctr-YAIP) +(Zsphctr-ZAIP) ] 
Calculate bend angle between femur • axis and extension • axis-
ALENGTH 2 
2 2 . 5 [(Xsphctr) + (Ysphctr) + (Zsphctr) J 
BLENGTH 2 
2 2 .5 [(Xlwr) + (Ylwr) + (Zlwr) J 
ANG arc cos ( (Xsphctr*Xlwr)+(Ysphctr*Ylwr)+(Zsphctr*Zlwr)) 
. ALENGTH * BLENGTH 
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Pseudo code to display template coordinates from critical 
geometry of CAT scan : 
Draw AIP at screen center 
Draw vertical line segment to represent femur axis 
Read ANG and NLNTH from PATIENT data bas.e 
Draw SPHCTR at ANG degrees and NLNTH.distance 
Draw circles around SPHCTR to represent ball joint 
Read PATIENT ID, AGE, WEIGHT from PATIENT data base 
Display Patient ID, age, weight 
Pseudo code to find acceptable implants : 
read angTOL from keyboard 
DO for all implants 
read implant bend angle IMPANG from IMPLANT data base 
. ' 
TF(IMPANG +'angTOL <ANG< IMPANG - angTOL) 
Store implant number to candidate list 
ENDIF 
.ENDDO 
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Pseudo code to sort candidate 1 ist by miniml!Jll distance ·: 
Calculate screen coordinates of sphere center 
Xsphctr 
Ysphctr 
NLNTH * cos(ANG-90) 
J 
NLNTH * sin(ANG-90) 
DO for all candrdates 
• 
Calculate dist~n~e from target position to implant 
sphere center (isctr) 
Read Xisctr from IMPLANT data base 
Read Yisctr from IMPLANT data base 
2 · 2 .5 
ERR= [(Xisctr-Xsphctr) + (Yisctr-Ysphc~r) J 
Store .ERR with candidate 1 ist 
END DO 
Sort candidate list 
DOK= 1,last candidate - 1 
DO K+1, last candidate 
IF(ERR < MIN)then 
TEMP= ERR 
ERR MIN 
MIN= ERR 
ENDIF 
END DO 
END DO 
Display ordered list 
... -
. \ 
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Pseudo code to display -fit : 
Read implant number -from keyboaid 
Read Xisctr -from IMPLANT data.base 
Read Yisctr -from IMPLANT data base 
I 
Draw implant sphere center relative to screen center origin 
Display implant ID, ER~ ~istance 
.. 
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